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ABSTRACT Heterogeneity in laser-induced particle structures
was investigated by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) of individual particles
micro-machined using focused ion beam (FIB). The primary
particle size distribution spanned over three orders of magni-
tude, i.e., in the range 10 nm–10µm with few larger secondary
objects. The particulate larger than 0.5 µm often resulted from
particle–particle aggregation, mostly upon a spherical core,
seldom in chain-like structures. The core of these fractal aggre-
gates was found to be polycrystalline. The heterogeneity of the
particles with respect to structure and chemistry is surely of im-
portance for elemental analysis using laser ablation as sample
introduction technique.
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1 Introduction
Laser ablation inductively coupled plasma mass
spectrometry (LA–ICP MS) is based on the analytical infor-
mation contained in and transported by laser-induced particles
to the plasma mass spectrometer. Many researchers have ded-
icated efforts to investigate the influence of several operat-
ing parameters on the analytical results, like for instance the
wavelength, pulse width, beam profile, cell geometry and how
to optimise them [1–10]. The mechanism of formation and
transport of the particles, the size distribution and the trans-
port efficiency as well as the efficiency of thermal decompos-
ition in the ICP are still debated.
Si wafers are technologically relevant samples and the
possibility to have access to the spatial distribution of trace
elements in them using LA – ICPMS is the driving force of
this study. The aim of this work was to investigate the struc-
ture of laser ablated particles at relatively high fluence, and the
particle behaviour inside the ablation chamber.
2 Experimental
Si wafer with a surface 100 nm multi-elemental
layer (i.e. Ba, Sr, Ti, Pt, Rh) was ablated for 30 s, using
an in-house modified PE 320 Nd : YAG laser sampler, oper-
ated at the frequency-quadrupled wavelength (266 nm), with
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a pulse energy of 4 ± 0.2 mJ resulting in a fluence of ap-
prox. 50 J/cm2. Argon and helium were used as carrier gases
at a flow of 0.9 l/min through the chamber (standard op-
erating conditions for ICP MS analysis). The sample was
micro-machined with a Strata DB 235 dual beam (DB) fo-
cused ion beam (FIB) workstation (‘FEI company, USA’)
that incorporates a FIB and a scanning electron microscope
(SEM) column tilted to each other at an angle of 52◦. The
FIB column is adjustable from 1 pA to 20 000 pA at 30 kV
with a specified resolution of 7 nm, as given by the manufac-
turer. The instrument is equipped with four secondary electron
and ion detectors. The workstation has a digital patterning
generator and four gas injection systems (GIS) for deposi-
tion and specific etching processes. The transmission electron
microscope (TEM) specimens were prepared by milling an
electron-transparent sample (e.g., 20µm long, 5µm wide and
100 nm thick) out of a bulk sample including the particle of
interest. A Philips CM 30 TEM operated at an acceleration
voltage at 200 kV was used to study the microstructure.
3 Results and discussion
Figure 1 shows a survey of the ablated particles
around the ablation site. The ablation crater is characterised
FIGURE 1 Top-view of one ablation crater. Hydrodynamic instability
favours the elevation of the crater rim. Ablation products are distributed
around the pit. In proximity to the irradiated spot the surface layer has been
thermally mobilised
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by a pronounced wall of 40µm height (He) or 50µm (Ar),
induced by extensive hydrodynamic instability of the sam-
ple at the spot rim. The dimensions of the ejected particulate
span over three orders of magnitude, from a few tens of nm
up to 10µm. Primary particles are mostly well-rounded, and
secondary products result from aggregation by deposition of
nano-particles upon micro-particles. In Fig. 2a, details of the
region close to the crater wall are shown. Particles as large
as 9–10µm were observed as individual droplets or frac-
tal aggregates. These fractal aggregates negatively affect the
analytical determination in two ways. Firstly, they are not
efficiently transported from the sample chamber to the ICP
MS. Secondly, their atomisation in the plasma source will
not be complete, leading to loss of signal. The region close
to the crater, directly outside the irradiated spot, experienced
thermal stress as shown in Fig. 2b. Here the surface multi-
elemental layer has been thermally mobilised, vaporised dur-
ing the irradiation across an aureole 10µm wide around the
crater. ‘Remote’ sampling, i.e. sample removal not specific to
the ablation spot, was a consequence of lateral thermal trans-
port, typical of ‘ns’ ablation. The 10µm aureole of thermal
stress suggests a “thermal transport” coefficient of approxi-
mately 103 cm−1, which is several orders of magnitude lower
than the absorption coefficient of Si at 266 nm [11]. Figure 2c
shows melt droplets as large as 1 µm scattered about. These
rounded particles adhere firmly to the sample surface or can
capture fine particulate from the gas, so inducing losses in
the transported ensemble. Depending on the moment of de-
position, these spherical particles experience longer or shorter
surface accretion by nano-particles deposition. This ageing
process contributes to the evolution of the particle outer struc-
ture from a smooth surface into a fluffy one. Figure 2c shows
primary particles deposited at different times during the ab-
lation experiments so that different ageing is translated into
different extent of surface growth. This image also allows one
FIGURE 2 Overview of ablation products. See text for
description
to rule out the hypothesis that the fluffy structure is due to ther-
mal shock of the particles upon cooling. Figure 2d presents
a magnification of the external fractal surface of one of these
accreted particles whose surface nano-particulate is known to
be enriched in volatile elements [12]. On the background the
nano-particulate is densely covering the sample surface. The
fractal dimension [13] of aggregated particles was determined
to be in the range Df = 1.39 − 1.86, depending on particle
ageing.
Figure 3 shows the structure of particles in different am-
bient gases, cross-cut using FIB. In Fig. 3a the SEM image
was taken after the particle was stabilised to the floor using
the GIS, so the outer mass is artificial Pt coating (this is not
present in Fig. 3b–d taken in Ar , He, N2 ambient). In LA–
ICP MS argon or helium is routinely used as a carrier gas, so
there is great interest in the particle characteristics of these
gases. For comparison, Fig. 3d shows the particle structure
from ablation in nitrogen. The particle in air is characterised
by a rounded core and an outer fluffy corona aftergrowth. The
core is oblate due to the impact onto the surface. After settling,
nano-particulate present in the ablation chamber volume de-
posited progressively onto the surface. The outer corona thins
out toward the floor where it is totally absent. The diffusion
in the gas volume influences the particle concentration profile
in the ablation cell and so also the growth rate of the surfaces.
High growth rates are obtained for high concentration regions.
In recent works [10, 14] it was shown that particle concentra-
tion inside the cell volume is more uniform in helium ambient
than in argon, due to physical properties of the gases. Among
the two, Ar enhances particle-wall reaction. Thus, diffusion-
limited aggregation [15] leads to the fractal aggregates with
uniform corona for the ablation in helium. A thickness gradi-
ent characterises the aggregation in argon as a consequence
of particle concentration gradient toward the walls. In both
cases, in proximity to the sample surface the corona is not
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FIGURE 3 FIB cross-section of particles ablated in dif-
ferent ambient gases. a air, b argon, c helium, d nitrogen
FIGURE 4 Radial thickness of the sheath layer (corona) as a function of
elevation from the floor in argon and helium
developed, due to this ‘wall effect’ exerted by the sample sur-
face on the aerosol concentration. Figure 4 shows the radial
thickness of the corona at several elevations above the sample
surface, in argon and helium, showing that in argon a factor
of three larger gradient of the particle concentration profile is
present with respect to helium.
The observations made would suggest that particle loss in-
side the sample chamber is a systematic phenomenon. Large
cells enhance the loss of particles and deplete the signal in-
tensity. Since particle transport efficiency is a size-dependent
process [16], and since nano and micro particles are chemi-
cally heterogeneous, then analyte-dependent signal deviation
is induced by particle fractionation.
Figure 5 shows a particle sliced with FIB into a 100-nm-
thin lamella, and this thin lamella was then used for transmis-
FIGURE 5 TEM lamella of a particle produced in helium that has trapped
a gas bubble during settling. See text for description
sion electron microscopy (TEM) [17–19]. In order to stabilize
the particle to the sample floor, GIS was used (black embed-
ding mass). The crystallographic characteristics of the par-
ticle have been investigated by selected area electron diffrac-
tion (SAED) patterns obtained at different location on the
lamella. Multiple crystals could be recognized in the par-
ticle core, which are however different orientations of the
same lattice. A crystallization sequence, from a precocious
euhedral individual to a tardive “filler” could be identified
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from geometric relations of the crystal edges. Furthermore,
the lattice of the tardive crystal is distorted as indicated by
an “optical wave” of the reflexes obtained rotating the angle
of the lamella relative to the electron beam. This indicates
that heat removal was more rapid on one part than on an-
other, which could be caused by the flow direction of the
gas in the chamber. The texture of the corona would sug-
gest that the gas was flowing from right to left in Fig. 5,
because on the upstream side the corona is uniform whereas
on the downstream side turbulence has produced the irregular
growth.
4 Conclusions
Large variability in the primary mechanism of laser
ablation particle formation and heterogeneity in the shape as
well as in the composition were observed in the case of sil-
icon. Post-sampling nano-micro particle aggregation led to
secondary particulate whose outer surface growth rate is sig-
nificantly influenced by the ambient gas. Surface development
and internal crystalline features of the laser-induced particles
were documented. Signal drift in analytical measurement sig-
nals is surely influenced by particulate heterogeneity.
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